Decades of clinical and basic research in visual system development have shown that degraded or imbalanced visual inputs can induce a long-lasting visual impairment called amblyopia. In the auditory domain, it is well established that inducing a conductive hearing loss (CHL) in young laboratory animals is associated with a panoply of central auditory system irregularities, ranging from cellular morphology to behavior. Human auditory deprivation, in the form of otitis media (OM), is tremendously common in young children, yet the evidence linking a history of OM to long-lasting auditory processing impairments has been equivocal for decades. Here, we review the apparent discrepancies in the clinical and basic auditory literature and provide a meta-analysis to show that the evidence for human amblyaudia, the auditory analog of amblyopia, is considerably more compelling than is generally believed. We argue that a major cause for this discrepancy is the fact that most clinical studies attempt to link central auditory deficits to a history of middle ear pathology, when the primary risk factor for brain-based developmental impairments such as amblyopia and amblyaudia is whether the afferent sensory signal is degraded during critical periods of brain development. Accordingly, clinical studies that target the subset of children with a history of OM that is also accompanied by elevated hearing thresholds consistently identify perceptual and physiological deficits that can endure for years after peripheral hearing is audiometrically normal, in keeping with the animal studies on CHL. These studies suggest that infants with OM severe enough to cause degraded afferent signal transmission (e.g., CHL) are particularly at risk to develop lasting central auditory impairments. We propose some practical guidelines to identify at-risk infants and test for the positive expression of amblyaudia in older children.
AN INTRODUCTION TO OTITIS MEDIA AND AMBLYAUDIA
Otitis media (OM) is a common childhood illness that is characterized by purulence and/or the accumulation of excessive mucin in the middle ear space. In some instances, the mechanical properties of the middle ear system can be altered by the presence of viscous fluid in the typically air-filled tympanum. In these cases, the auditory signal transmitted to the developing central nervous system is degraded, prompting many clinicians and researchers to hypothesize that OM may represent a common form of developmental auditory deprivation. Dating back to the seminal studies of Hubel and Wiesel in the 1960s and 1970s, developmental sensory deprivation has repeatedly been shown to have specific, long-lasting, and deleterious effects on brain and behavior. For example, decades of basic and clinical research have shown that improperly aligned visual signals transmitted from each eye to the brain during critical periods of central visual system development can result in a neurological disorder known as amblyopia, or "lazy eye". However, establishing whether OM also induces persistent changes in brain physiology and perception in humans has proven more controversial. In this meta-analysis, we compile findings from decades of OM studies and argue that the key factor in the controversy can be explained by the fact that most clinical studies only account for the presence of OM and do not take the additional critical step of determining whether the OM also imposes an appreciable conductive hearing loss (CHL). The minority of clinical studies that have positively identified the subset of children with histories of OM and CHL offer a significantly clearer and more sobering view of the connection between this common childhood hearing disorder and its enduring pathophysiological and perceptual sequelae.
The strong interest in the prevention, treatment, and neurobiological sequelae of OM is in part attributable to its high prevalence in children. In fact, an estimated 80% of children will experience one or more bouts of OM before they reach 3 years of age, making it the most common cause for physician visits and medication prescriptions among children in the USA (Freid et al. 1998; Pennie 1998) . Children can experience OM in one or both ears, although bilateral OM is slightly more common (Engel et al. 1999) . Unilateral and bilateral bouts of otitis media with effusion (OME) persist for an average of 1 or 2 months, respectively (Hogan et al. 1997) . A subset of children (30-40%) experience recurrent OME, characterized by OME episodes of typical lengths separated by unusually brief (10 weeks by contrast to the typical 31 weeks) effusion-free periods (1997) . Because OME can occur without the painful symptoms that accompany infection, it may often go unnoticed by parents or caregivers without periodic otolaryngological and audiological assessments. Whether the diagnosis is acute OM, OME, or recurrent OME, its prevalence drops precipitously after 2 years of age and is rarely associated with signs of significant, lasting middle ear pathology (Gravel and Wallace 2000) .
While the methods for diagnosing and treating OM are generally agreed upon by health care practitioners, there is less consensus concerning the urgency of treating this disease. Common procedures to treat OM include insertion of tympanostomy tubes, prescription of oral antibiotics, and adenoid removal. As all interventions carry some level of risk, particularly with young children, debate is focused on the benefits of alleviating OM versus waiting for it to resolve spontaneously. This is particularly true in the case of OME, where the presence of middle ear effusion is not necessarily accompanied by infection or discomfort. At the crux of this controversy lies the question of whether childhood OM is associated with abnormal brainstem physiology and deficits in spatial hearing as well as receptive language skills that persist for years after the middle ear pathology has resolved, a cluster of neurological seqeulae we refer to here as amblyaudia (amblyos-blunt; audia-hearing). Should amblyaudia be acknowledged as a legitimate risk factor when OM is left untreated, it could shift the costbenefit analysis towards rapid intervention. On the other hand, should the link to auditory processing disorders be convincingly disproven, the decision to intervene versus "watchful waiting" could be solely based upon the peripheral symptoms. Although over 40 years have passed since Holm and Kunze (1969) first reported deficiencies in multiple speech, language and auditory tasks in a small sample of children with a history of OM, a definitive answer regarding the connection between OM and amblyaudia has yet to be firmly established. To understand why the perceptual and pathophysiological sequelae of OM have proven so controversial, it is principally important to understand the theoretical relationship between OM, hearing loss, and the maturation of auditory processing.
Although OM is physically restricted to the middle ear space, it can interfere with the transmission of acoustic signals to the inner ear and, by extension, the entire auditory system. The middle ear pathology and accumulation of excess, viscous mucin that typically accompany OM can disrupt the acoustico-mechanical properties of the middle ear system, producing a CHL (Gravel and Wallace 2000; Ravicz et al. 2004) . The CHL that accompanies OM fluctuates between 0 and 40 dB HL, is relatively uniform across frequencies and is considered to be reversible in that hearing sensitivity returns to normal following resolution of OM (Kokko 1974; Gravel et al. 2006) . In addition to attenuating the overall amplitude of the acoustic signal, viscous fluid in the middle ear space can also delay transmission of the transduced waveform (Hartley and Moore 2003) . Differences in the timing (interaural time difference) and amplitudes (interaural level difference) of acoustic signals arriving at the two ears play an essential role in spatial hearing, particularly in the horizontal plane. To illustrate the effects of OMmediated conductive hearing loss on spatial hearing, we can make approximations of azimuthal shifts relative to midline by using the abnormal interaural time and level differences resultant from OM. Peak latencies for the click-evoked auditory brainstem response have been shown to be delayed by 0.44 ms on average and thresholds increased by approximately 20 dB in young children with middle ear effusion compared with audiometrically normal controls (Owen et al. 1993) . Though ostensibly small, introducing a 0.44 ms interaural time difference (ITD), in cases of unilateral or asymmetrical OM, translates to a 45°shift in azimuthal position relative to midline based on the expected skull radius of a 6-12 months old infant (7.16 cm based on average growth charts of head circumference, Center for Disease Control 2000) using the following formula:
¼ 3 sin c, where τ is the ITD, α is the radius of the head, θ is the azimuth of the sound source, and c is the speed of sound in air (∼345 m/s) at standard temperature and pressure. More dramatically, a 20 dB interaural level difference induced by OM translates to a 90°s hift in azimuthal position relative to midline for higher frequency acoustic components (Feddersen et al. 1957) . Even larger interaural time and level difference distortions than those reported here for humans with middle ear effusions have been observed secondary to ear canal blocking in animal models (Lupo et al. 2011 ). It is not clear how often binaural timing and level difference cues conflict in children during bouts of OM or what effects such interaural cue conflicts might have on spatial hearing. Nevertheless, it is clear that the combined effect of conductive hearing loss paired with a loss of temporal fidelity and disorganized binaural cues can substantially degrade the quality of afferent signals transmitted to brain areas that represent and shape our perceptions of the auditory world.
Critically, degraded afferent signaling does not always accompany OM. In fact, in a large sample of prospectively followed infants (≤1 year) diagnosed with OM, only 15% demonstrated hearing thresolds greater than 25 dB HL, while just 6% had threshold shifts that exceeded 35 dB HL (Gravel and Wallace 2000) . The resilience of hearing sensitivity in the presence of middle ear effusion can be attributed to the transmission properties of the middle ear, which are relatively unaffected by large, yet incomplete, reductions in tympanum volume. Animal and human temporal bone studies have shown that filling the middle ear with saline or even high viscosity oil has a negligible effect on middle ear transmission until the tympanum is completely full (Ravicz et al. 2004; Qin et al. 2010) . Even small bubbles in the fluid introduce a sufficient volume in the middle ear space to improve mechanical transmission. Therefore, while the presence of middle ear effusion will likely produce an abnormal tympanogram (a middle ear transmission metric often used to diagnose OM), the quality of the afferent signal transmitted to the brain may be unaffected. However, this should not lessen the urgency of developing appropriate methods for diagnosing, treating and testing these children. Based on the latest census data, the US population under 5 years of age is 21.3 million (www.census.gov). Given the previously stated estimates that of the 80% of children who experience OM, 15% will have hearing thresholds 925 dBHL, the number of at-risk children under 5 years of age is 2.6 million (12% of that agegroup). The prevalence of amblyopia, by contrast, is estimated at 2.1% of preschool and school-age children (Webber and Wood 2005) .
BASIC RESEARCH STUDIES LINKING DEVELOPMENTAL AUDITORY DEPRIVATION AND CENTRAL AUDITORY PLASTICITY
As stated above, the central thesis of this review paper is that the primary risk factor for abnormalities in brain physiology, auditory perception, and speech receptivity that can accompany OM in childhood is not the presence of the disease state itself but the degradation of the afferent signal that can arise from OM. This hypothesis is supported by thousands of studies that characterize the development of higher (i.e., midbrain, thalamic, and cortical) sensory brain areas and describe significant alterations in the response properties of individual neurons, as well as their coordinated arrangement into functional circuits and topographic maps, based upon the presence and quality of sensory-evoked afferent input (for recent auditory clinical and basic auditory reviews, the reader is referred to Kral et al. 2005; Sharma et al. 2006; Dahmen and King 2007; Keuroghlian and Knudsen 2007; Sanes and Bao 2009) . The influence of sensory-evoked activity patterns on the formation of functional brain circuits is not expressed equally across development. Rather, afferent input patterns have the strongest instructive influence on neural response properties during finite "critical periods" of postnatal development, when those circuits are first forming. Although critical periods are generally conceptualized as adaptive features through which neural circuits are shaped to efficiently represent the particular characteristics of an individual's sensory milieu, brain plasticity mechanisms are agnostic as to whether these instructive sensory signals are "good" or "bad" (i.e., normal or degraded). In the event that the presence of OM creates weak and temporally degraded sound-evoked activity patterns during critical periods of brain development, the adverse effects of these degraded signals on the formation of neural circuits that mediate perception and behavior could persist long after the middle ear pathology has resolved. Because a degraded afferent signal would only be expected in a minority of children that test positive for OM, there is no reason to expect a strong overall correlation between OM and central processing deficits. Specifically, we hypothesize that amblyaudia will only be observed if (1) the diagnosis of OM is accompanied by a positive indication of degraded auditory signal transmission and (2) the experience of degraded auditory signals overlaps extensively with critical periods of development for higher auditory brain regions. In the following sections, we review the basic and clinical literature germane to this hypothesis.
Studies of auditory brain development in laboratory animals strongly support the link between degraded afferent signals, critical periods of development and long-lasting deficits in brain physiology and perception. The most commonly used approach in animal studies involves physically blocking or interfering with the sound transmission mechanisms of the external ear or middle ear (often by plugging or ligating the external auditory meatus or extirpating the malleus) rather than creating an infection in the middle ear space. Using these methods, investigators are able to introduce a moderate-to-severe CHL at various stages of postnatal development that approximates the degraded auditory transmission that can accompany OM.
The effects of CHL during early development are evident even at the level of cellular morphology within the first-and second-order auditory brainstem nuclei. For example, chronic external ear blockage is associated with significantly reduced cell body diameter and dendritic arborization in corresponding regions of the cochlear nucleus and superior olivary complex (Webster and Webster 1977; Coleman and Oconnor 1979; Webster and Webster 1979; Conlee and Parks 1981, 1983) . These effects are particularly striking in nucleus laminaris, an avian brainstem nucleus analogous to the medial superior olive in mammals. Nucleus laminaris features an array of bipolar neurons whose ventral and dorsal dendrites are exclusively contacted by afferents from the contralateral and ipsilateral ear, respectively. Chicks reared with unilateral ear plugs show profound, frequency-specific disruption to the normally symmetric dendritic fields in nucleus laminaris neurons, such that dendrites projecting from neurons with high characteristics frequencies are smaller on both sides of the brain, yet only on dorsal or ventral aspects corresponding to inputs from the deprived ear. The opposite proved true for neurons with low characteristic frequencies (Gray et al. 1982; Smith et al. 1983 ). These frequency-specific effects occurred despite the presence of a presumably flat spectrum hearing loss, and might be attributed to the enhancement of lowfrequency bone-conducted stimuli and internal noise that occurs secondary to occlusion of the external auditory canal, resulting in frequency-specific differential activity impinging on nucleus laminaris neurons. In addition to alterations in cellular morphology, investigators have also reported that CHL is associated with reduced levels of protein synthesis, cellular metabolism and synaptic activity throughout the central auditory pathways. The functional silencing observed with these activity-dependent measures is often expressed at a similar level to that observed with complete deafferentation through cochlear ablation (Tucci et al. 1999; Hutson et al. 2007; Hutson et al. 2008) .
CHL has also been found to disrupt temporal response properties of auditory cortex neurons. For example, recording from auditory cortex neurons in the acute thalamocortical brain slice of normally hearing rodents reveals an abrupt decline in the amount of inhibitory and excitatory synaptic depression shortly after the onset of hearing. By contrast, levels of synaptic depression measured after the onset of hearing in animals with bilateral CHL appears similar to pre-hearing levels (Xu et al. 2007; Takesian et al. 2010 ). These finding demonstrate that CHL can interfere with adaptation rates to temporally modulated synaptic inputs within the auditory cortex. Moreover, because these recordings were obtained in isolated brain slices, they explicitly show that plasticity in cortical response properties can arise locally and are not solely inherited from ongoing alterations in peripheral or brainstem response properties.
While these studies undeniably relate the ongoing presence of CHL to pathology in auditory brain nuclei, they are better suited as animal models for brain plasticity that may occur during active bouts of OM, rather than the enduring amblyaudia that may stem from a history of OM in childhood. The neurobiological basis for amblyaudia can only be addressed through studies that characterize the structural and functional properties of auditory brain circuits in animals that have documented histories of degraded auditory transmission but normal hearing sensitivity at the time of testing. Far fewer studies have explored the effect of temporary auditory deprivation on brain function or behavior, but those that have examined this relationship arrived at equally unambiguous conclusions regarding the maladaptive effects of degraded auditory transmission on neural organization.
In these studies, unilateral CHL is introduced by surgically ligating or plugging the external meatus at an early age and then removing the obstruction months later, prior to making neurophysiological recordings from neurons in the auditory midbrain or cortex. By and large, these studies find that the normal binaural balance between the representation of sounds delivered to each ear is disrupted, despite the fact that the developmentally deprived ear is audiometrically normal at the time of testing (Clopton and Silverman 1977; Silverman and Clopton 1977; Moore and Irvine 1981; Popescu and Polley 2010) . Unit discharge rates evoked by stimuli presented to the developmentally nondeprived ear were augmented, while those to the deprived ear were suppressed, effectively reweighting the contralateral response bias and interfering with the precisely calibrated tuning for interaural level difference cues that play an essential role in binaural hearing. Importantly, many of these plasticity effects are limited to critical periods early in postnatal development, as the effects of reversible unilateral blockade are substantially reduced when performed in mature animals (Clopton and Silverman 1977; Popescu and Polley 2010).
Not surprisingly, behavioral studies in animals that have undergone temporary CHL have found persistent abnormalities in azimuthal sound localization accuracy, even though hearing sensitivity was equivalent in both ears at the time of testing, suggesting a clear behavioral parallel to the physiological plasticity described above (Clements and Kelly 1978; Knudsen et al. 1984a) . Sound localization deficits can last for months, depending on when, during postnatal development, the ear canal is blocked (Knudsen et al. 1984b ). More recent investigations in ferret have shown that intensive perceptual training can restore localization accuracy following unilateral auditory deprivation and that this plasticity relies critically on the function of descending corticocollicullar connections, highlighting the potential importance of auditory cortex circuits in the expression of amblyaudia (Kacelnik et al. 2006; Bajo et al. 2010; Nodal et al. 2010 ).
COMPARING THE BASIC AND CLINICAL LITERATURE ON OTITIS MEDIA AND AMBLYAUDIA
If basic research studies find such a clear effect of auditory deprivation on brain and behavior, why are the data linking childhood OM to amblyaudia so equivocal? We propose that this discrepancy can be traced to four principal causes:
First, animal models of OM typically employ continuous monaural or binaural deprivation for weeks or months. In contrast, a single bout of OM is expected to last approximately 4 to 6 weeks, followed by up to 60 OM-free weeks, depending on disease severity. Moreover, levels of CHL reported in animal studies typically range from 20 to 50 dB, whereas CHL stemming from OM in humans can be substantially milder. Additionally, while the presence of amblyaudia is often probed immediately following reinstatement of hearing in animal models, years of "typical" auditory experience often precede probes of amblyaudia in human studies. In other words, animal studies could be said to model the worst-case scenario of auditory signal degradation associated with OM. Clearly, data from animal studies that utilize more realistic levels and durations of auditory deprivation would be of considerable interest.
Second, basic research studies uniformly point toward the paramount importance of developmental age when assessing the impact of auditory deprivation on brain and behavior. In many of the studies cited above, the same manipulation that profoundly affected neural representations of auditory stimuli and perceptual acuity in young animals had no effect when performed at later ages. The central importance of developmental critical periods for normal auditory perception is firmly established in the context of language development and even in the efficacy of cochlear implants in congenitally deaf children (Dorman et al. 2007; Kuhl 2010) . However, studies linking OM to amblyaudia often do not take the timing of OM episodes into account, nor is it known which brain areas are most adversely affected by OM and when, during development, their organization is most susceptible to the structure of afferent activity patterns.
Third, while animal models of OM have probed anatomy, physiology and binaural perception of their subjects, most human studies have assessed speech, language, behavioral, and academic skills of children with histories of OM. These developmental markers may have the greatest external validity to health care providers, educators, and policy makers but are the most challenging to understand in terms of their underlying neural substrates. Instead, psychophysical assessments that relate to established neural pathways for binaural signal representations may prove more valuable in the short-term when addressing amblyaudia.
Finally, and perhaps most importantly, the independent variables in the animal and human studies are very often different. Animal studies that describe striking changes in brain and behavior often bypass the middle ear effusion altogether and directly degrade afferent signal quality by disrupting the sound transmission mechanisms of the middle or outer ear. Human studies, by and large, relate amblyaudia (or lack thereof) to the presence of OM. As described earlier, significant degradation of the afferent signal (CHL of 925 dB HL) would only be expected in G15% of children diagnosed with OM, suggesting that subjects in the OM-positive group, from whom amblyaudia would be expected, are substantially intermingled with-or even outnumbered by-subjects who would not be expected to present with amblyaudia.
This last point could be addressed experimentally in human studies that longitudinally characterize the auditory afferent signal quality in the form of elevated hearing thresholds at multiple points during infant development. While hearing threshold is just one of many potential metrics that index the quality of the afferent signal reaching the brain (albeit not even the most direct), it still offers a far more direct correlate than a positive diagnosis for OM alone. Indeed, when the question "Is early OM associated with amblyaudia?" is rephrased as "Is early OM that also causes CHL associated with amblyaudia?" the answer becomes much less equivocal. Figures 1A and B illustrate that while prospective longitudinal and randomized control studies that attempt to relate OM to amblyaudia have equivocal outcomes, the available data suggest that a history of CHL during childhood OM is clearly and deleteriously associated with auditory pathophysiology and deficits in binaural listening as well as receptive language skills. Overall, 65% of all study samples reported symptoms of amblyaudia following a history of childhood OM. Further analysis revealed that while only 53% of study samples show amblyaudia as a sequela of OM, 89% of studies reported amblyaudia as a consequence of OM occurring along with CHL. Tables 1 and 2 expand the simplified data profiles in Figure 1 to include sample sizes, ages of participants and metrics of amblyaudia employed in studies listed.
Delays in the maturation of neural circuitry that subserve speech comprehension represent one of the longest-standing and most contentious central sequela associated with childhood OM. Purported delays in receptive language need not be independent of irregularities in perceptual thresholds as difficulties associated with listening in complex auditory environments (such as a classroom) could also be expected to interfere with classroom learning and continued refinement of speech and language skills. Two recent reviews have concluded that while a history of OM is associated with auditory processing and speech perception deficits, convincing evidence of deficits in speech production, receptive and expressive language, as well as academic achievement do not currently exist (Roberts et al. 2004a; Jung et al. 2005) . These sentiments were echoed in a recent meta-analysis of prospective and randomized control trials that have examined the relation between (1) OM and language development as well as (2) OMmediated CHL and language development (Roberts et al. 2004b) . Consistent with the central hypothesis we advance here, these reviews also concluded that in most studies, hearing is often not assessed regularly enough (if at all) to investigate the role of CHL in later development, despite the fact that it is hearing loss and not the presence of excessive mucin in the middle ear space that may underlie abnormal imprinting of speech patterns and later developmental deficits. In fact, Roberts and colleagues (2004b) identified only three studies that met the authors' criteria and attempted to correlate transient conductive hearing loss with general outcome measures of language between the years of 1966 and 2002 (studies numbered 9, 18, and 19 in Fig. 1) . Again, looking only at studies that relate poor auditory processing and language skills to a history of hearing loss and OM rather than OM alone, the evidence unambiguously shows that early CHL increases a child's risk for abnormalities in brainstem physiology, binaural hearing and receptive language skills (Fig. 1B and Table 2 ).
Returning to the third discrepancy between the animal and human literature, abnormal physiology of the auditory brainstem has consistently been observed in children with chronic OM and CHL. Multiple studies have shown that years after the resolution of CHL and OM, absolute and interpeak wave latencies of the auditory brainstem response are abnormally delayed, potentially suggesting immaturity in neural conduction (Folsom et al. 1983; Anteby et al. 1986; Gunnarson and Finitzo 1991; Hall and Grose 1993; Ferguson et al. 1998; Gravel et al. 2006 ). In addition, elevation of the brainstem mediated contralateral acoustic stapedial reflex threshold is also observed in children with a history of OM and CHL, further suggesting persistent dysfunction of the neuronal circuitry within the auditory brainstem (Gravel et al. 2006) .
The link between OM and amblyaudia has also been made more explicit in a subset of studies through the use of carefully controlled psychophysical tasks that map onto known principles of binaural stimulus representations in the brain, rather than tests
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FIG. 1. Early, degraded afferent signal quality (ASQ) is clearly associated with amblyaudia while otitis media (OM) is ambiguously related. Prospective studies which have investigated the relationship between OM or OM-associated degraded ASQ and amblyaudia are plotted in (A) and (B), respectively. Each number represents a cohort of participants (multiple research reports in some cases). A study was considered to relate ASQ to amblyaudia if hearing sensitivity was assessed repeatedly (three or more times during year 1 and/or two of life), and the investigator attempted to associate ASQ with amblyaudia. White squares represent studies which have used language, speech, reading or academic outcome measures. Blue squares represent studies which have employed direct auditory perceptual or physiologic testing as outcome measures. The corresponding studies for each symbol are indicated by the number in the center of the symbol which references the research articles in the key below.
of language or scholastic ability. The masking level difference (MLD) is a perceptual test that affords researchers with an objective and parametric assessment of perceptual acuity that also relates to the realworld experience of hearing in noisy environments, such as classrooms or gymnasiums, by measuring a participant's sensitivity to interaural time and amplitude cues. This test has been widely employed in studies that have prospectively and periodically documented CHL in conjunction with OM or retrospectively examined children with histories of chronic OM and reported CHL. Together, these studies have consistently shown disrupted binaural processing for years following reinstatement of hearing through either spontaneous resolution of effusion or placement of tympanostomy tubes (Moore et al. 1991; Pillsbury et al. 1991; Hall et al. 1995; Gravel et al. 1996; Hogan and Moore 2003) . The same effect on MLD thresholds has been obtained in ferrets reared with unilateral earplugs, providing a direct link The presence of effusion in the middle ear space is ambiguously related to the development of amblyaudia
The sample sizes, ages at time of outcome measure, specific measurements employed, and statistical significance of results from studies plotted in Figure 1A between the animal and human literature on developmental auditory deprivation (Moore et al. 1999) .
In addition to binaural unmasking (MLD), children with histories of OM and reversible CHL have also been shown to localize sound sources less accurately and demonstrate deficits in monaural spectrotemporal processing (Besing and Koehnke 1995; Hall and Grose 1994; Hall et al. 1998) . Similar decrements in binaural processing have also been demonstrated in children with reversible CHL secondary to aural atresia that has been surgically corrected (Gray et al. 2009; Wilmington et al. 1994) . These shared abnormalities in perceptual outcomes of early reversible CHL suggest a causative role of developmental auditory deprivation in later perception regardless of the specific mechanisms that underlie the conductive hearing loss.
On a final note, even if amblyaudia is a legitimate sequela for untreated OM, the specific pathophysiological and perceptual sequelae are unlikely to persist past adolescence. While the precise time-course with which amblyaudia "normalizes" has yet to be delineated, it is clear that these deficits largely disappear after a slow recovery following a few years of typical auditory experience (Hall et al. 1995) . Similarly, delays in language skills have also been reported to be transient in these children, with early testing demonstrating delays while later scores are normal (Maw et al. 1999 ). However, we would argue that impermanence does not suggest a developmentally trivial role for this sensory disorder. Due to the cumulative nature of childhood development, even transient perceptual and language delays are expected to feed forward to later behavior and academic achievement. In other words, even if the amblyaudia resolves by late childhood, the linguistic, cognitive and social functions coming online at these ages would be deleteriously affected by the absence of actionable auditory inputs. This raises the possibility that a transient auditory disorder could have "ripple effects" that extend into adolescence and beyond.
PRACTICAL CONSIDERATIONS FOR CLINICAL STUDIES LINKING OM TO AMBLYAUDIA
If the quality of the afferent signal impinging upon key brain areas during bouts of OM is the principal determinant of amblyaudia, how is this degraded signal best measured? The most direct measurement would be to characterize the spatiotemporally distributed pat- Degraded afferent signal quality resultant from OM is a clear risk factor for development of amblyaudia
The sample sizes, ages at time of outcome measure, specific measurements employed, statistical significance of results, and number of annual hearing tests documented from studies plotted in Figure 1B (and two studies from Fig. 1A ) are detailed here. Most outcome measures are abbreviated; all abbreviations are spelled out in the key which accompanies the legend for Table 1 n.s. result not statistically significant *n.s. when child rearing environment or parental education level considered in multivariate regression model **No statistical analysis performed. This was an intensive longitudinal analysis that showed that the child with the most hearing loss experienced delays in expressive language although they did not have the most occurrences of OM terns of spiking activity in the auditory nerve and brainstem. As this is clearly impossible in humans, what available method most closely approximates the afferent signal?
Behavioral tests that derive hearing threshold (and, by extension, establish conductive hearing loss) are clearly more effective in predicting amblyaudia than the presence of the disease state alone, and therefore, may serve as an acceptable proxy for afferent signal quality. On the other hand, physiological and bioacoustic markers such as otoacoustic emissions, the auditory brainstem response and even measurement of event related potentials from the brain may ultimately prove to be the preferred indicators of amblyaudia as they are objective by definition and relate directly to various sources of auditory trans- Diagnostic measures of afferent signal quality Diagnostic tools to assess afferent signal quality (ASQ) are either quick to administer or directly assess ASQ but typically not both. The advantages and disadvantages of each measure must be considered when designing a study which attempts to associate OM-mediated ASQ and amblyaudia
TABLE 4
Outcome measures that probe amblyaudia Outcome measures used to characterize amblyaudia associated with degraded ASQ can take the form of direct perceptual tests of complex auditory function, general language aptitude or physiologic measures. The latter is a relatively unexplored area in this line of research but has been shown to be a clinically feasible, objective predictor of speech perception in studies of more severe forms of auditory deprivation (Gordon et al. 2005) duction and neural signal propagation. Ideally, the techniques used to assess afferent signal quality in studies of OM could be quickly executed in the clinical environment and would provide a reliable and objective characterization of the afferent signal. No single technique currently fulfills all of these requirements. For instance, hearing tests (i.e., audiometry) are time-consuming, subjective, and are typically performed in a free field, as headphone placement is often considered impractical at ages when OM is most common due to the inability or unwillingness of the child to perform the task under headphones. Thus, hearing thresholds measured in a free field may primarily indicate the sensitivity to stimuli presented to the "better ear", making detection of CHL associated with unilateral or asymmetric OM difficult to pinpoint. Auditory brainstem response testing would most clearly and objectively characterize afferent signal quality in terms of latency and amplitude of synchronous auditory nerve and brainstem neural firing; however, this technique is timeconsuming and can necessitate sedation in young children. By contrast, tympanometric testing is rapid, objective, ear specific, and fairly sensitive to disruption of middle ear transmission from CHL but is typically performed at a single frequency (226 Hz) and does not directly assess the magnitude or phase of the afferent signal. Table 3 lists some of the advantages and disadvantages associated with clinically available diagnostic techniques to track the afferent signal quality of children with OM. Future studies that compare these various metrics in OM-positive children will be essential to reach a more complete understanding of amblyaudia.
Also of interest are the outcome measures used to diagnose amblyaudia. As described earlier, metrics that assess language and academic skills have predominated OM studies. While these measures are, understandably, of great interest to caregivers and clinicians, they are also susceptible to variables such as cognitive ability and family environment that can introduce a significant amount of variance into the diagnosis and analysis of treatment efficacy. Assessing the binaural listening skills or brain physiology of children with histories of OM-associated CHL offers a direct means to more accurately and reliably diagnose the presence of amblyaudia. The advantages and disadvantages of some outcome measures used to characterize amblyaudia are listed in Table 4 .
Overall, physiologic and perceptual testing in animal models as well as humans suggests that the connection between OM-associated degradation of afferent signal quality and subsequent neurological impairment is substantially clearer than generally believed. These data further inform two practical considerations for management of, or research involving, children with chronic OM. (1) The afferent signal quality of children with OM should be assessed longitudinally to accurately characterize the nature and timing of their sensory deprivation, with detection of degraded afferent input shifting the costbenefit analysis towards more aggressive treatment. This suggestion agrees with the most recent recommendations of the American Academy of Pediatrics (2004) . (2) However, while the current clinical practice guidelines state that hearing status be based on the sensitivity of the child's better hearing ear, animal models of amblyaudia have repeatedly shown that asymmetric, degraded afferent input results in profound alterations in the form and function of binaural circuits and dichotic listening tasks. Therefore, we suggest that afferent signal quality in the "worse" ear should also be considered in the costbenefit analysis of treatment.
It is also likely that the timing of deprivation plays a key role in the specific nature of amblyaudia, although this matter is not yet completely elucidated in the animal literature, much less in human studies. The nature of morphological and physiologic changes in the central auditory system that result from well-controlled, developmentally degraded afferent signal quality are only beginning to be characterized in animal models. Some of the particularly important questions to be addressed in animal studies are whether the central nervous system completely normalizes following reinstatement of hearing and over what time-course such recovery might occur. Ongoing studies will relate these physiologic abnormalities to perception and may inform targeted neuroplasticity treatments, which could ultimately be translated to the clinical population.
